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INTRODUCTION
Viral hepatitis is a disease with multiple causes that was first described in the fifth century BC. When Hippocrates described epidemic jaundice, he was undoubtedly referring to persons infected with acute hepatitis B virus (HBV) as well as other agents capable of infecting the liver. Epidemics of jaundice have been described throughout history and were particularly common during various wars in the 19th and 20th centuries. While many of these outbreaks were due to hepatitis A, it is likely that epidemic transmission of hepatitis B also occurred in settings where the use of blood-containing products was common.
The recognition of a form of hepatitis that was transmitted by direct inoculation of blood or blood products was first documented by Lurman in Bremen, Germany, in 1883, during a smallpox immunization campaign (99) . Thousands of persons received vaccine that had been prepared from human lymph. Of 1,289 shipyard workers who received this vaccine, 191 (15%) developed jaundice several weeks to 8 months later; jaundice did not occur among unvaccinated workers. In the first part of the 20th century, outbreaks of "long-incubation" hepatitis were described in a variety of risk groups including persons who attended clinics for venereal diseases, diabetes, and tuberculosis; patients who received blood transfusions; persons inoculated with mumps or measles convalescent-phase serum; and military personnel who received yellow fever vaccine during World War II (37, 123) . The outbreak in yellow fever vaccine recipients was linked to a specific lot of vaccine that contained human serum (139) . A follow-up study in the 1980s demonstrated that 97% of recipients of the serum-containing vaccine had serologic evidence of HBV infection compared to 13% of persons who received yellow fever vaccine that did not contain human serum, confirming that HBV was the cause of this outbreak.
The discovery of the etiologic agent of hepatitis B and the development of safe and effective vaccines constitute one of the remarkable scientific achievements of the 20th century. In the 19th century, Virchow had proposed that the pathogenesis of acute hepatitis was due to a plug of mucus in the ampulla of Vater (152) . This hypothesis was disputed when pathologic studies revealed diffuse hepatic inflammation in persons with acute jaundice, suggesting an infectious cause (36, 136) . Studies of human volunteers in the 1930s and 1940s provided convincing evidence of a viral cause with at least two etiologic agents (60, 100, 101) . In 1947, MacCallum and Bauer (100) proposed the current nomenclature of hepatitis A for infectious hepatitis and hepatitis B for "homologous serum" hepatitis. At that time, it was known that the epidemiology of the two diseases differed. Hepatitis A was transmitted by the fecaloral route, had an incubation period of 2 to 6 weeks, and was primarily a disease of younger children. In contrast, hepatitis B was transmitted by percutaneous exposure to blood products, had a longer incubation period (ranging from 2 to 6 months), and occurred more often in adults.
These observations were confirmed in a series of studies by Krugman and collaborators at the Willowbrook Institute in the 1960s and 1970s (47, 80, 81) . Krugman described two types of viral hepatitis, which were referred to as MS-1 and MS-2. MS-1 resembled what MacCallum had classified as hepatitis A. Studies of human volunteers confirmed that this agent was transmitted by the fecal-oral route and had an incubation period of 30 to 38 days. MS-2 resembled hepatitis B in that it had a longer incubation period (41 to 108 days) and was transmitted by percutaneous exposure. These studies also confirmed the existence of homologous immunity after hepatitis A or hepatitis B infection.
Around the same time of the Willowbrook studies, Blumberg and Alter described an immunoprecipitin that was present in the serum of a leukemic patient and was detected in a gel diffusion experiment (13) . The patient was an Australian aborigine, and the antigen was named the Australian antigen. Subsequent studies revealed that the antigen had a variable distribution in different populations and occurred more commonly among patients who received multiple transfusions and blood products (14, 15, 132) . Extensive studies described the distribution of Australia antigen in various population groups and in patients whose diseases did not appear to be related to hepatitis. The association of the Australian antigen with acute hepatitis B was subsequently demonstrated and led to the development of specific tests for the identification of HBV infection (12, 133) .
The viral etiology of hepatitis B was firmly established by electron microscopy and the detection of several viral particles (referred to as Dane particles) that reacted with antisera to Australia antigen (29) . It was demonstrated that the Dane particle was HBV, and its surface component was designated hepatitis B surface antigen (HBsAg). The core component contained endogenous DNA and hepatitis core antigen (HBcAg) (hepatitis B nomenclature is given in Table 1 ). The differential presence of HBsAg, antibodies to HBsAg (anti-HBs), and antibodies to HBcAg (anti-HBc) were used to classify patients as having acute or chronic infections. A third antigen related to infectivity, hepatitis e antigen (HBeAg), was first described in 1972 by Magnius and Espmark (102) .
The development of sensitive and specific tests to detect HBV infection allowed investigators to define the natural history of HBV infection and develop strategies to prevent transmission. The development of assays to screen blood for HBsAg led to procedures to prevent transfusion-associated hepatitis B. In addition, units of blood that tested positive for anti-HBs were used for the preparation of hepatitis B immune globulin (HBIG). Early studies indicated that HBIG was effective in preventing or modifying the course of HBV infection (83) .
In 1970, in the course of studies on the natural history of HBV infection at Willowbrook, Krugman et al. boiled a preparation of MS-2 serum for 1 min to determine the effect of heat on the infectivity of the virus (82) . The 1-min boiling step destroyed the infectivity of the preparation, but the heat-inactivated material proved to be antigenic. It was subsequently shown that the preparation was immunogenic and partially protective when volunteers were challenged with MS-2 after receiving the boiled preparation (84) . The description of this "inactivated" vaccine soon led to the development of plasma-derived subunit vaccines.
The development of diagnostic assays to distinguish hepatitis A and hepatitis B soon led observers to recognize the existence of other agents that were the etiologic agents of non-A, non-B hepatitis. In 1977, Rizetto and colleagues detected a new antigen in serum samples of patients with severe chronic liver disease (136a). The delta antigen was subsequently shown to be a core protein of a defective virus, which has been classified as hepatitis D virus (HDV). HDV is defective in that it requires HBV to replicate. Thus, prevention of HBV infection prevents HDV transmission and the associated morbidity and mortality. In the late 1980s, studies of patients with non-A, non-B hepatitis led to the discovery and development of serologic assays for HCV and HEV (24, 135) .
VIROLOGY
HBV is a double-stranded, enveloped DNA virus of the Hepadnaviridae family, which replicates in the liver and causes hepatic dysfunction. HBsAg is found on the surface of the virus and is also produced in excess amounts, circulating in the blood as 22-nm spherical and tubular particles (Fig. 1) . The inner core of the virus contains HBcAg, HBeAg, a single molecule of partially double-stranded DNA, and a DNA-dependent DNA polymerase. HBsAg can be identified in serum 30 to 60 days after exposure to HBV and persists for variable periods.
HBV is the smallest DNA virus known: it has only 3,200 bp in its genome, which is uniquely organized in a partly doublestranded, circular pattern (Fig. 2) . The minus strand of the DNA is almost a complete circle and contains overlapping genes that encode both structural proteins (pre-S, surface, and Fig. 3) (85) . The longest (3.5 kb) is the template for genome replication and the expression of precore/core and polymerase proteins. A 2.4-kb transcript encodes pre-S1, pre-S2, and HBsAg, while a 2.1-kb transcript encodes only pre-S2 and HBsAg. The smallest transcript (0.7 kb) encodes the X protein.
HBcAg and HBeAg are translated from a common gene. When transcribed, HBcAg is targeted to the endoplasmic reticulum; here it is cleaved, and HBeAg (the precore fragment) is secreted. HBcAg is essential for viral packaging and is an integral part of the nucleocapsid. It is not detectable in serum by conventional techniques; however, it can be detected in liver tissue in patients with acute or chronic HBV infection. HBeAg is a soluble protein that can be detected in the serum of patients with high virus titers; it is not essential for viral replication.
The surface/pre-S gene encodes for the virus envelope. The major protein that forms the HBsAg particles is the smallest gene product (SHBs). The middle protein (MHBs), which contains the pre-S2 component, and the large surface protein (LHBs), which contains pre-S1, are also incorporated into HBsAg particles but are found in larger proportions in the intact virus particles. The specialized functions of these proteins have been the subject of intense study.
It is suggested that the pre-S proteins play an important role in the attachment of HBV to hepatocytes (44) . Liver-specific attachment sites have been identified in vitro for pre-S1 and pre-S2 (45, 124, 129) . In addition, pre-S2 attaches to artificially polymerized human serum albumin (129) . Since binding of this albumin has also been observed on hepatocytes, it has been hypothesized that binding of HBV to its host cell might be mediated by a bridge of modified albumin.
At the molecular level, data supporting SHBs as the binding site for HBV to hepatocytes have been the subject of intense study and debate. Studies have demonstrated binding of SHBs to Vero cells and recombinant SHBs to hepatocytes (78, 90) . However, a direct interaction of natural SHBs with hepatocytes or a role of SHBs in the penetration of hepatocytes has not been convincingly demonstrated. Thus, the remarkable success of hepatitis B vaccines that do not contain pre-S components has been something of an enigma.
One of the key reasons for the success of currently available vaccines is the existence of a neutralizing epitope on the SHBs protein. This epitope is dependent on the conformation of SHBs proteins determined by cross-linked disulfide bonds. Although the precise disulfide linkages between the cysteine residues of the envelope proteins remain undefined, the protein conformation endowed by the linkages determines the neutralizing epitopes. Antibodies to the common "a" determinant(s) are found in the sera of immunized persons who remain protected against different subtypes of HBV, whereas antibodies to the subtype determinants do not confer protection (133) . The "a" determinant(s) is located within the domains bordered by amino acids 120 and 147, which contain a predicted doubleloop structure projecting from the surface of the virus (Fig. 4) . The major determinant for neutralizing antibodies is located predominantly on the second of these two loops, between amino acids 139 and 147 (11) .
Two other determinants of HBs have been described. One determinant has either a d or y specificity, and the other has w or r. All combinations of these determinants have been found, resulting in nine subtypes: ayw1, ayw2, ayw3, ayw4, ayr, adw2, adw4, adrq ϩ , adrq Ϫ . The most common subtypes among persons with HBV infection in the United States are those with adw specificity (34) . HBV has also been classified into six genotypes, A to F.
HBV replication begins with binding of the virus to the cell surface and penetration (45, 77, 85) (Fig. 3) . The virus is transported without processing to the nucleus, where the relaxed circular DNA is converted to a covalently closed circular DNA (cccDNA), which in turn acts as the template for viral RNA synthesis. HBV DNA does not integrate into the host genome during the normal course of replication. Transcription results in RNA of various sizes. The 3.5-kb genomic RNA serves as a template for reverse transcription and DNA synthesis, which produces an open circular DNA molecule. The mature core particles are packed into HBsAg and pre-S proteins in the endoplasmic reticulum and exported from the cell. A pool of cccDNA is maintained in the nuclei by the transport of newly synthesized HBV DNA back to the nucleus. Because HBsAg can inhibit the formation of cccDNA, this may represent negative feedback to HBV replication (144) .
CLINICAL DISEASE Acute Infection
The consequences of acute HBV infection are highly variable. The incubation period ranges from 6 weeks to 6 months, and development of clinical manifestations is highly age dependent. Newborns generally do not develop any clinical signs or symptoms, and infection produces typical illness in only 5 to 15% of children 1 to 5 years of age (115) . Older children and adults are symptomatic in 33 to 50% of infections. Symptomatic infections vary in severity from mild to fulminant forms. Clinical signs and symptoms of acute HBV infection include fever, anorexia, nausea, malaise, vomiting, jaundice, dark urine, clay-colored or pale stools, and abdominal pain. Occasionally, extrahepatic manifestations occur and include skin rashes, arthralgias, and arthritis. Fulminant hepatitis occurs in about 1 to 2% of persons with reported acute disease and has a casefatality ratio of 63 to 93%.
Chronic Infection
Chronic HBV infection is defined as the presence of HBsAg in serum for at least 6 months or the presence of HBsAg and the absence of anti-HBc immunoglobulin M (IgM). The risk of developing chronic infection varies inversely with age and is highest (up to 90%) for infants infected in the perinatal period (71, 115) . Between 25 and 50% of children infected between 1 and 5 years of age develop chronic infection, compared to 6 to 10% of acutely infected older children and adults.
Persons with chronic HBV infection are at substantially increased risk of developing chronic liver diseases, including cirrhosis of the liver and primary hepatocellular carcinoma (5, 91, 98, 114) . The age at which chronic infection occurs may alter the risk of developing the disease. Prospective studies indicate that up to 25% of persons who acquire HBV infection as infants and young children develop either hepatocellular carcinoma or cirrhosis compared to 15% of adolescents and young adults who acquire chronic HBV infection (6, 67) . The risk of hepatocellular carcinoma diminishes with resolution of chronic HBV infection (96) . Several host-related factors are associated with increased risk of developing chronic infection, including the presence of chronic diseases such as renal failure, human immunodeficiency virus infection, and diabetes (71, 127) .
Persons with chronic HBV infection are generally classified as having one of three histologic patterns on liver biopsy: chronic persistent hepatitis, chronic active hepatitis, and cirrhosis. The degree of histologic injury is often not reflected by the symptoms, and persons with severe chronic liver disease are often asymptomatic until late in the course of their illness (64) . Persons with chronic active hepatitis develop fibrosis of the liver and are predisposed to the development of cirrhosis. Cirrhosis is an irreversible form of liver injury that may lead to the development of hepatocellular carcinoma through the promotional effect of hepatocyte regeneration (32) . No specific HBV oncogene sequence has been identified for the development of hepatocellular carcinoma, which typically appears 25 to 30 years after the onset of infection. 
PATHOGENESIS
The cellular and humoral immune responses to HBV infection are complex. Most studies suggest that HBV is not directly cytopathic to infected hepatocytes and that the cellular response to several viral proteins correlates with the severity of clinical disease and viral clearance (22) . It is believed that the antibody response to viral envelope antigens contributes to clearance of the virus and that cytotoxic T cells mediate viral clearance by killing infected cells. In addition, it has been shown that cytotoxic T lymphocytes inhibit HBV gene expression through the secretion of antiviral cytokines and that the expression of these cytokines may be the principal mechanism of viral clearance during HBV infection (23) (Fig. 5) . It is hypothesized that chronic infection is related to a weak T-cell response to viral antigens. While neonatal immune tolerance to viral antigens appears to play an important role in viral persistence among persons infected at birth, the basis of a poor T-cell response in adults is not well understood.
DIAGNOSIS
Because the clinical symptoms of HBV infection are indistinguishable from other forms of viral hepatitis, definitive diagnosis is dependent on serologic testing for HBV infection. A variety of tests are available to make the diagnosis of HBV infection (61) . Acute HBV infection is characterized by the presence of HBsAg in serum and the development of IgM class antibody (IgM anti-HBc) ( Table 2 ) (20) . Detection of HBsAg has evolved from immunodiffusion methods to reversed passive hemagglutination assays and to the more sensitive enzyme immunoassays and radioimmunoassays, which can detect HBsAg at concentrations of Ն0.1 ng/ml. HBeAg is also detectable during acute infection. During convalescence, HBsAg and HBeAg are cleared, and anti-HBs, anti-HBc, and anti-HBe develop (Fig. 6 ). Anti-HBs is a protective antibody that neutralizes the virus. The presence of anti-HBs following acute infection indicates recovery and immunity from reinfection. Anti-HBs is also detected among persons who have received hepatitis B vaccine. Immunoassays for the detection of total anti-HBc involve both IgM and IgG class antibody to the core protein and indicate current or past exposure to virus and viral replication. IgG anti-HBc appears shortly after HBsAg among persons with acute disease and generally persists for life; therefore, total anti-HBc is not a good marker for persons with acute disease. The detection of IgM anti-HBc is diagnostic of acute HBV infection.
In persons with chronic HBV infection, HBsAg remains persistently detectable, generally for life (Fig. 7) . HBeAg is variably present, and IgM anti-HBc generally becomes undetectable 6 months after acute infection.
Detection of HBV DNA has limited usefulness for diagnostic purposes. HBV DNA is detectable in the serum of persons with acute and chronic HBV infection (56, 63, 76, 151, 153) . Most slot or dot blot hybridization assays can detect HBV DNA levels as low as 5 pg/ml, which corresponds to 1.5 ϫ 10 6 genomes per ml. A commercial liquid hybridization assay (Abbott) detects 1.5 pg of HBV DNA per ml (4.0 ϫ 10 5 genomes per ml), and the branched-DNA hybridization assay detects 2.5 pg of HBV DNA per ml. PCR is much more sensitive than direct hybridization and detects HBV DNA levels of 10 Ϫ3 pg/ ml (approximately 100 to 1,000 genomes); however, PCR assays are prone to false-positive results.
The clinical significance of detecting HBV DNA by hybridization and by PCR is quite different. Generally, detection by PCR has the same significance as detection of HBsAg and indicates current HBV infection. In contrast, detection by hybridization indicates significant viral replication and a high probability of active liver disease (similar to HBeAg). Monitoring HBV DNA levels is useful in determining the response of chronic HBV infection to treatment (see below). Nucleic acid sequence analysis has been used to identify genetic variants of the virus and to investigate common-source outbreaks of HBV infection (17, 58) .
CLINICAL MANAGEMENT
No specific treatment is available for persons with acute HBV infection; supportive and symptomatic care is the mainstay of therapy. In the past decade, numerous antiviral agents have been investigated as candidates for the treatment of chronic HBV infection. In 1976, two studies, one with leukocyte interferon and one with beta interferon, suggested that interferon can affect the serologic profile of persons with chronic HBV infection (31, 51) . Follow-up studies revealed the most promising agent to be alpha-2b interferon, which has been licensed for this purpose by the Food and Drug Administration. The goals of interferon treatment for patients with chronic HBV infection are to clear serologic markers of HBV replication and to improve the liver disease (by normalization of alanine aminotransferase levels and liver histologic test results). In a meta-analysis of 15 clinical trials, the overall response rate (as measured by clearance of HBeAg from serum) was 33% among patients treated with interferon compared with 12% among untreated controls (159) . Long-term follow-up of treated patients suggests that remission of chronic hepatitis induced by alpha interferon is of long duration (79) .
The use of a brief course of corticosteroids with rapid tapering before interferon therapy has had conflicting results (62) . Alpha interferon treatment of patients with chronic hepatitis B is recommended for patients with persistent elevations in aminotransferase concentrations in serum; detectable levels of HBsAg, HBeAg, and HBV DNA in serum; chronic hepatitis on liver biopsy; and compensated liver disease (62) . Patients with normal aminotransferase levels should not be treated. Biopsy of the liver should be performed before therapy to assess the degree of fibrosis present. The recommended regimen is either 5 million units daily or 10 million units three times a week, given subcutaneously for 4 months. Patient characteristics associated with a favorable response to therapy include low pretherapy HBV DNA levels (Ͻ200 pg/ml), high pretherapy ala- nine aminotransferase levels (Ͼ100 IU/ml), short duration of infection, acquisition of disease in adulthood, active histologic profile, and absence of complicating diseases such as renal failure or human immunodeficiency virus infection.
Because relatively few patients respond to interferon therapy, considerable research has been conducted on other antiviral and immune system-modulating agents. Nucleoside analogues such as famciclovir and lamivudine have been extensively evaluated and shown to be well tolerated after oral administration (16, 33, 35) . Both drugs lead to rapid decreases in HBV DNA levels; clearance of HBeAg and decreases in serum aminotransferase levels have been observed in some patients. However, short courses of therapy have been followed by a rapid return of viral DNA to pretreatment levels and no sustained improvement in chronic liver disease. Clinical trials of long-term therapy are under way.
EPIDEMIOLOGY
HBV is transmitted by percutaneous or permucosal exposure to infectious body fluids, by sexual contact with an infected person, and perinatally from an infected mother to her infant. The frequency of HBV infection and patterns of HBV transmission vary markedly in different parts of the world. Approximately 45% of the world's population live in areas where the prevalence of chronic HBV infection is high (Ն8% of the population is HBsAg positive), 43% live in areas where the prevalence is moderate (2 to 7% of the population is HBsAg positive), and 12% live in areas of low endemicity (Ͻ2% of the population is HBsAg positive (Fig. 8) .
In areas of high endemicity, the lifetime risk of HBV infection is Ͼ60% and most infections occur at birth or during early childhood, when the risk of chronic infection is greatest. Because most early childhood HBV infections are asymptomatic, there is little recognition of acute disease, but rates of chronic liver disease and liver cancer are high. Areas of high endemicity include most of Asia (except Japan and India), most of the Middle East, the Amazon Basin of South America, most Pacific Island Groups, Africa, and other special populations such as Native Alaskans, Australian Aborigines, and Maoris in New Zealand (4, 11, 54, 68, 72, 104, 115, 118, 145, 149, 150, 158) .
The mechanisms of early childhood transmission in areas of high endemicity are variable. Generally, infections cluster in households of persons with chronic infection (97) . The major determinants of infection include exposure to a HBsAg-positive mother or sibling. The contribution of perinatal transmission to the overall burden of disease is related to the prevalence of HBeAg among pregnant women. If a mother is HBsAg positive and HBeAg positive, 70 to 90% of her infants will become infected if not given immunoprophylaxis (140, 163) . Of infants born to HBsAg-positive mothers who are HBeAg negative, approximately 5 to 20% are infected at birth. Infants of HBsAg-positive women who are not infected at birth are at increased risk of HBV infection during early childhood because of household contact with infected persons (7) .
In East and Southeast Asian countries, as well as the Pacific, 35 to 50% of HBsAg-positive women are HBeAg positive (7, 68, 89, 93, 11, 140) . It is estimated that 3 to 5% of all infants in these countries may develop chronic HBV infection at birth and that up to 30 to 50% of all chronic infections among children may result from perinatal transmission. In areas of high endemicity where the prevalence of HBeAg among pregnant women is low (Africa, South America, and the Middle East), perinatal HBV transmission contributes less to the pool of children with chronic infection than does postnatal early childhood transmission (11, 73, 110, 149) . Generally, in these areas, 1 to 2% of infants develop chronic infection and 10 to In areas of moderate endemicity, the lifetime risk of HBV infection is 20 to 60% and infections occur in all age groups. Recognition of acute disease is common because many infections occur in adolescents and young adults. In addition, high rates of HBV-related chronic liver disease occur due to the high prevalence of chronic HBV infection. Generally, in areas of moderate endemicity, 2 to 7% of pregnant women are HBsAg positive and Ͻ20% of HBsAg-positive women are HBeAg positive; thus, perinatal transmission accounts for a small proportion (10 to 20%) of the persons with chronic infection. In these areas, early childhood HBV transmission may be quite variable in different regions or among different ethnic groups within a country. Acute disease among adults tends to occur in the same risk groups as in developed countries.
In areas of low endemicity, the lifetime risk of infection is Ͻ20% and most infections occur among adults in well-defined risk groups. In the United States, the prevalence of chronic HBV infection is 0.35% and 5% of the general population has evidence of prior HBV infection (108, 117) . High-risk groups for HBV infection include intravenous-drug users, homosexual men, persons who have heterosexual contact with multiple partners, household contacts of persons with chronic HBV infection, hemophiliacs, hemodialysis patients and staff, inmates of long-term correctional facilities, persons with occupational exposure to blood and infectious body fluids, and institutionalized persons with developmental disabilities.
While most acute HBV infections in the United States occur among young adults, about one-third of the chronic infections are acquired through perinatal and early childhood exposures (108) . It is estimated that 20,000 HBsAg-positive women give birth each year in the United States and that 9,500 infants would become infected if prophylaxis were not provided. In addition, a number of well-defined populations with high rates of early childhood HBV transmission reside in the United States, including Alaskan Natives, children of Pacific Island communities, and children of first-generation immigrants from countries where HBV is of high or intermediate endemicity. Among U.S.-born children of first-generation immigrants during the first decade of life, infection rates average 1 to 2% per year and the prevalence of chronic HBV infection ranges from 1 to 7% (40, 69, 105) .
In the United States, there was a 1.7-fold increase in the incidence of reported cases from 1979 to 1985, but there has been a 3-fold decrease since 1986 (Fig. 9) . It is estimated that approximately 100,000 to 130,000 persons are infected each year and that 5,000 persons die each year of HBV-related liver disease, including 150 to 200 deaths from fulminant hepatitis, 3,000 to 4,000 from cirrhosis, and 600 to 1,000 from primary hepatocellular carcinoma (17a, 108).
Worldwide, the consequences of acute and chronic HBV infection are major public health problems. Approximately 5% of the world's population (300 million persons) have chronic HBV infection, which is the leading cause of chronic hepatitis, cirrhosis, and hepatocellular carcinoma worldwide (111) . It is estimated that 500,000 to 1,000,000 persons die annually of HBV-related liver disease.
PREVENTION

Passive Immunization
The discovery that passively acquired anti-HBs could protect individuals from acute clinical hepatitis B and chronic HBV infection if given soon after exposure led to the development of a specific Ig containing high titer of anti-HBs (HBIG). HBIG is prepared by the Cohn Oncly fractionation procedure from serum containing high titers of anti-HBs and is standardized to 100,000 IU of anti-HBs/ml. HBIG is effective, often in combination with hepatitis B vaccine, as postexposure prophylaxis following (i) perinatal exposure for an infant born to an HBsAgpositive mother, (ii) percutaneous or mucous membrane exposure to HBsAg-positive blood, or (iii) sexual exposure to an HBsAg-positive person (9, 49, 134) . HBIG is also used to protect patients from severe recurrent HBV infection following liver transplantation. ing HBsAg from the plasma of persons with chronic infection (plasma-derived vaccine) or by inserting plasmids containing the HBs gene, and in some cases the pre-S1 and/or pre-S2 gene, into yeast or mammalian cells. The vaccines undergo various inactivation steps, are highly purified, and then are adjuvanted with aluminum phosphate or aluminum hydroxide and preserved with thimerosal.
Active Immunization
In the United States, vaccines are licensed for all age groups as a three-dose series consisting of two priming doses given 1 month apart and a third dose given 5 months after the second dose. The recommended dose varies with the product, the recipient's age, and, for infants, the mother's HBsAg serologic status. In general, the vaccine dose for infants and adolescents is 50 to 75% lower than that for adults.
Immunogenicity and Efficacy of Vaccines
The protective efficacy of hepatitis B vaccination is directly related to the development of anti-HBs (28, 39, 52, 146) . Persons who develop anti-HBs titers of Ͼ10 mIU/ml after a primary vaccination series are virtually 100% protected against clinical illness and chronic infection. The vaccines produced by each manufacturer have been evaluated in clinical trials to determine the age-specific dose that achieves the maximum seroprotection rate. The priming doses induce detectable levels of antibody in 70 to 90% of healthy infants, adolescents, and adults. The final dose induces protective levels of anti-HBs in Ͼ95% of infants of HBsAg-negative women and in adolescents (1, 50, 55, 112, 155, 157) .
The recommended series of three intramuscular doses of hepatitis B vaccine induces a protective antibody response in Ͼ90% of healthy adults younger than 40 years. After age 40, the cumulative age-specific decline in immunogenicity drops below 90%, and by age 60 only 75% of vaccinees develop protective levels of anti-HBs (137, 161) . Although other host factors such as smoking, obesity, human immunodeficiency virus infection, and the presence of a chronic disease contribute to decreased immunogenicity of the primary vaccination series, age is the major determinant of poor vaccine response (3) .
The efficacy of hepatitis B vaccines has been demonstrated in clinical trials involving several high-risk groups including homosexual men, health care workers and hemodialysis staff, children living in areas of high endemicity, and infants of HBeAg-positive (highly infectious) mothers (8, 28, 39, 146, 163) . These studies demonstrated virtually complete protection in persons who developed anti-HBs titers of Ͼ10 mIU following vaccination. Cases of clinical hepatitis B and, rarely, of chronic HBV infection were observed in persons who developed anti-HBs responses Ͻ10 mIU. Studies among children living in areas of high endemicity have also demonstrated excellent vaccine efficacy in persons who develop anti-HBs titers of Ͼ10 mIU/ml. For these reasons, an anti-HBs response of Ͼ10 mIU by commercial radioimmunoassay or enzyme immunoassay is considered to be the lower limit of adequate response to vaccine.
In infants born to HBeAg positive mothers, combined treatment with either plasma or recombinant vaccines and HBIG is 79 to 98% efficacious in preventing chronic HBV infection (Table 3) (2, 9, 74, 87, 95, 128, 131, 141, 142, 148, 160) . One longitudinal study found significantly lower rates of chronic infection in infants treated with recombinant vaccines and HBIG (3.8%) than in infants treated with plasma-derived vaccine and HBIG (10.5 to 13.9%) (143) . Several studies have demonstrated a high efficacy of vaccine alone in preventing perinatal HBV transmission, including reports where the administration of HBIG provided no additional protection (131) . However, lower doses of vaccine alone appear to be less efficacious in preventing perinatal HBV transmission (2).
Long-Term Protection
The duration of immunity after hepatitis B vaccination has been the subject of considerable study in the 15 years since vaccine licensure. Decline in anti-HBs titers after vaccination has been well quantitated in several studies (25, 30, 46, 48, 53, 75, 147, 154) . Generally, there is a rapid decline in protective antibody in the first 12 months after the third dose and a more gradual decline over time. Among adult vaccinees, anti-HBs levels decline to Ͻ10 mIU/ml in 7 to 50% of vaccinees 5 years after vaccination and in 30 to 60% of vaccinees by 9 to 11 years.
No studies have reported acute cases of hepatitis B among vaccine responders; however, a few studies have detected asymptomatic infections by serologic testing. Of 1,786 persons monitored for 5 to 11 years, 63 (3.5%) became anti-HBc positive; none of these persons had evidence of chronic HBV infection. It is thought that these mild, clinically inapparent infections will not produce sequelae associated with chronic HBV infections. These studies indicate that protection against serious HBV infection persists for at least 11 years despite the decline in antibody titer (Table 4) . Studies of infants and young children have also shown excellent long-term protection in those who initially responded to hepatitis B vaccination; however, breakthrough infections with viremia have been observed in several studies of vaccinated children born to HBsAg-positive women (Table 5) (26, 27, 55, 70, 88, 92, 94, 130, 162, 165) . Pooling data from follow-up studies of 1,993 infants born to chronically infected women and monitored for 5 to 11 years show that 20 (1.0%) became HBsAg positive more than 1 year after vaccination.
The proposed mechanism for continued protection against clinically significant HBV infection, despite declining antibody titers, is an anamnestic immune response after HBV exposure (156) . The phenomenon of immunologic memory has been demonstrated by the presence of a rapid increase in anti-HBs titers following a booster dose of vaccine in persons given a primary vaccination series several years earlier (18, 30, 65, 119, 120) . Booster-dose studies of adults have demonstrated that Ͼ90% of vaccinees have such immune memory when challenged with hepatitis B vaccine; they also suggest that the immune system would be able to respond rapidly to HBV exposure. The long incubation period of HBV infection (60 to 120 days), coupled with the excellent anamnestic antibody response to low levels of HBsAg in previously immunized persons, appears to limit breakthrough infections to those who do not develop detectable viremia, symptomatic disease, or chronic infection. The need for booster doses of hepatitis B vaccine after a primary vaccine series has been the subject of considerable debate. For children living in areas of high endemicity, there is no difference in the prevalence of HBV infection at 12 years of age in children who receive a booster dose of vaccine at school entry and in children who do not (26, 131) . Currently, vaccine advisory groups in the United States do not recommend routine booster doses of hepatitis B vaccine in persons who have responded to vaccination. Ongoing studies should provide information on the need for booster doses during the second decade after vaccination.
Recommendations for Vaccination
The epidemiology of HBV infection indicates that multiple age groups must be targeted to provide widespread immunity and effectively prevent HBV transmission and HBV-related chronic liver disease. Since the licensure of hepatitis B vaccine, the Advisory Committee on Immunization Practices (ACIP) of the U.S. Public Health Service has developed a comprehensive strategy to eliminate HBV transmission in the United States (Table 6 ).
The initially recommended strategy in the United States was selective vaccination of individuals with identified risk factors. However, programs to vaccinate high-risk persons were not developed, most persons with identified risk factors were difficult to target for vaccination, and many infected persons had no identifiable risk factors. Thus, vaccinating persons prior to exposure was generally not feasible, and the incidence of acute hepatitis B remained high during the first decade after vaccine licensure.
Recommendations to vaccinate all newborns were the subject of considerable debate among primary-care providers in the United States, many of whom considered patients in their practice to be at low risk for acquiring HBV infection (41, 103) . In addition, providers expressed concerns about the cost-effectiveness of infant vaccination and long-term protection after hepatitis B vaccination of infants (43) . Some providers believed that routine vaccination of adolescents would be a more effective primary immunization strategy. However, cost-effectiveness analysis demonstrated that routine immunization of infants was the most effective strategy to prevent HBV transmission in the United States because of the additional benefit in preventing early childhood transmission (109) . Despite the initial concerns of providers, hepatitis B vaccination coverage of infants increased rapidly and reached levels as high as that observed for Haemophilus influenzae type b vaccine within 3 years after its introduction (42) . In 1997, Ͼ80% of 2-to 3-yearold children had received three doses of hepatitis B vaccine.
The implementation of routine infant immunization will eventually produce broad population-based immunity to HBV infection and prevent HBV transmission among all age groups. However, since most HBV infections in the United States occur among young adults, it will take 2 to 3 decades before infant immunization affects the incidence of hepatitis B in the United States. To hasten the development of population-based immunity and to decrease more rapidly the incidence of hepatitis B, catch-up vaccination of 11-to 12-year-old adolescents was recommended by the ACIP in 1995. This strategy was expanded to include all adolescents in 1997. Vaccination of high-risk adults remains a high priority, and efforts to vaccinate health care workers have resulted in a dramatic decline in the number of cases of acute disease (106) . Enhanced efforts are being made to vaccinate other high-risk adult populations.
Disease Control
Unlike other vaccine-preventable diseases, the efficacy of hepatitis B prevention programs is not based solely on surveillance of acute disease. Because most HBV infections in children younger than 10 years are asymptomatic, evaluations based on surveillance data would not reliably measure the effectiveness of hepatitis B vaccination programs, especially those directed at infants. Because most of the HBV-associated morbidity and mortality is related to chronic infection, populationbased surveys demonstrating a reduction in the prevalence of chronic infection form a key indicator of vaccination program success and disease reduction. Trends in disease incidence are useful to evaluate the effectiveness of programs directed at adolescents and high-risk adults who are more likely to have symptomatic infections after HBV exposure (106) .
Numerous studies have demonstrated the effectiveness of routine infant immunization. Population-based surveys among Alaskan Native and U.S.-affiliated Pacific Island communities have demonstrated a remarkable reduction in the prevalence of chronic HBV infection in children born after implementation of routine infant immunization (Table 7) (57, 107, 154) . In areas where vaccination coverage was high, the prevalence of chronic HBV infection declined to Ͻ1% and residual transmission occurred among children who did not start the vaccination series at birth. Similar studies in Taiwan, Indonesia, and The Gambia have also demonstrated similar reductions in the prevalence of chronic HBV infection (21, 38, 138) .
The ultimate goal of hepatitis B vaccination programs is to decrease the incidence of HBV-related chronic liver disease and hepatocellular carcinoma. Recent studies in Taiwan have demonstrated a reduction in the incidence of primary liver FIG. 10 . Liver cancer death rates in children from birth to 9 years old in Taiwan. Programs to prevent perinatal HBV transmission were initiated in 1984, and routine infant vaccination was begun in 1986. Mass campaigns to vaccinate older children and adults were conducted from 1987 to 1990. Adapted from data in reference 86. 
EMERGING ISSUES Mutant Viruses
HBV infection with molecular variants of the virus has been found in vaccinated persons in Italy, Singapore, The Gambia, and the United States and in liver transplant recipients who received HBIG for prophylaxis of relapse of HBV infection (17, 59, 66, 116, 122, 164, 166) . It has been proposed that these variants contain HBsAg that is not recognized by vaccineinduced antibodies and that acute HBV infection occurs in the presence of protective levels of anti-HBs. Several investigators have reported a mutation in the genome that causes a change in one amino acid in the "a" determinant of the HBs protein, which is the proposed conformational epitope essential for recognition and neutralization by anti-HBs antibodies. The most common alteration described is a replacement of glycine by arginine at amino acid 145, but other mutations such as replacement of aspartic acid by alanine at amino acid 144 have also been described. Similar variants have also been found in unvaccinated persons with chronic HBV infection, suggesting that they occur naturally. The incidence of infection with variant strains of HBV among vaccinated infants has been reported in a population-based study of 1,092 infants born to HBeAg-positive pregnant women between 1981 and 1993 (122) . Overall, 94 (8.6%) of the infants became infected and HBV variant strains were isolated from 22 of the infected children. As found in other studies, the most common amino acid changes occurred at positions 143 to 145; however, mutations were also found across most of the region. In addition, mixed infections involving wild-type and mutant viruses were often detected in both mothers and infants, suggesting that infants acquire their mutant strain from the mother.
At present, the public health importance of the HBV molecular variants is debatable. Studies of vaccinated household members living with persons chronically infected with variants have not demonstrated intrahousehold transmission of the variant (126) . In addition, preexposure vaccination of chimpanzees with currently licensed vaccines (not containing pre-S epitopes) conferred protection following intravenous challenge with the 145-HBV mutant (125) . Further studies and enhanced surveillance to detect the emergence of these variants remain high priorities in evaluating the effectiveness of current immunization strategies.
Public Health Considerations
Worldwide, prevention of chronic HBV infection has become a high priority. In 1992, the Global Advisory Group to the World Health Organization recommended that all countries integrate hepatitis B vaccine into national immunization programs by 1997. For countries where the prevalence of chronic HBV infection is Ͼ2%, the Global Advisory Group recommended incorporating hepatitis B vaccine into infant immunization schedules. The strategy for low-endemicity countries could include routine immunization of adolescents in addition to or instead of immunization of infants.
Currently, 80 countries have integrated hepatitis B vaccine into national immunization programs, and several others are planning to do so (Fig. 11) . Infant vaccination programs have been implemented in regions of Southeast Asia, China, the Pacific, and the Middle East with high endemicity, and there are plans to implement programs in several other regions of high endemicity, including India. Most of the countries of high endemicity in sub-Saharan Africa have not made plans to incorporate hepatitis B vaccine into Expanded Program on Immunization schedules. The primary obstacle to implementing programs in these countries has been the high cost of vaccine compared to other Expanded Program on Immunization anti- gens. Increased global production of vaccine has decreased the cost of vaccine in the past decade. It is anticipated that increased production of vaccine and the development of combination vaccines containing hepatitis B vaccine will facilitate more widespread use of the vaccine in economically disadvantaged countries.
Vaccine advisory groups in the United States have recommended a combination of routine infant immunization and catch-up vaccination of all older children as the primary strategy to eliminate HBV transmission in the United States. Numerous studies have shown that this combination can virtually eliminate HBV transmission in a community (19, 21, 107, 113) . In fact, many long-term programs have demonstrated a greater than expected benefit in terms of disease reduction compared to three-dose vaccination coverage. It is likely that this effect is related to a number of factors. Widespread use of vaccine creates immunized cohorts of children who no longer serve as reservoirs of virus. Thus, successive cohorts of children are less likely to be exposed to the HBV in early childhood, when the risk of chronic infection is greatest. Other prevention efforts, such as safe injection practices, screening of blood products, and the use of Universal Precautions for infectious body fluid exposures, have also been implemented. Finally, in settings where vaccination coverage is low, it appears that vaccination of children with one or two doses of vaccine may provide some degree of protection in preventing HBV infection and chronic infection.
The serious adverse outcomes related to acquisition of chronic HBV infection occur several decades after exposure; therefore, the benefit of infant immunization will not be realized for several decades. Commitment of public health resources to eliminate HBV transmission requires recognition of the importance of this disease, persistent efforts to ensure that populations are protected, and patience to realize the goals of disease reduction. The recent studies in Taiwan demonstrating a reduction of liver cancer deaths in children provide assurance that the strategy of routine infant immunization is a well-conceived public health practice that will benefit generations to come. 
